Composite laminates containing pre-deformed NiTiCu wires embedded in an epoxy matrix reinforced with Kevlar fibres were manufactured and tested. These materials change their properties, for example vibration resonance frequency or modulus in response to a temperature variation. When heated by direct electrical current above the transformation temperature, the pre-deformed shape memory alloy (SMA) wires try to recover their shape and since they are restrained by a stiff matrix and clamping, a stress is created. As a result, a change in the resonance frequency of the composite occurs. The magnitude of the recovery stress and corresponding resonance frequency shift was found to increase with the SMA wire volume fraction and to decrease with the thickness of the host composite layers between the wires and the constraining grips.
INTRODUCTION
In the past years, shape memory alloys (SMA) in the form of wires, short fibres or thin-films have found an increasing interest as thermally activated actuators embedded in polymer matrix composites (SMAcomposites) [1] . Such SMA-composites offer the potential to actively control elastic modulus, internal stress-state and natural vibration frequencies in case of hard matrices and to induce a shape change in case of soft embedment, once the composite is produced [2, 3] .
Numerous models have been developed describing the transformation behaviour of embedded SMA wires, the transformation strain and the thermal expansion coefficient [4, 5] . However, these models have not often been confronted to experimental data. Nevertheless, shifts to higher resonance frequencies have been observed experimentally and stress distribution has been studied using finite elements by Bidaux et al. [6, 7] . They investigated a simple model system consisting of SMA wires embedded in an epoxy matrix without any other reinforcement.
In the framework of a European research project, adaptive composites based on Kevlar-epoxy host composite materials With embedded NiTi-based SMA wires are currently under investigation. NiTiCu wires were found to exhibit a small hysteresis, comparable to that of NiTi in R-phase and yet to be less pre-strain sensitive [8, 9] , This paper presents experimental results on the influence of the geometry of composite laminates and the volume fraction of NiTiCu wires on the magnitude of the resonance frequency shift and of the recovery force.
MATERIALS AND EXPERIMENTAL TECHNIQUES
The NiTiCu wires, 150 um in diameter, are supplied by Raychem. The alloy contains about 12 wt. pet copper substituting the Ni. The host composite was delivered as prepregs of unidirectional aligned Kevlar® 29 aramid fibers and LTM217 epoxy resin, manufactured by Advanced Composite Group in UK. Composite manufacturing was as follows: the wires were placed in a specially designed frame, heated to 100°C to release potential deformation of the wire during handling, and pre-strained by the desired amount. Plies of prepregs were placed on each side of the wires, as shown schematically in Fig. 1 . The wire pre-strain was maintained by the frame during curing in an autoclave, restraining the wires from recovering their shape. The resin was cured for 12 hours at 70°C under vacuum with a heat up rate of 4°C/min. The post-curing was 1 hour at 140°C with a heating ramp of 20°C/hour resulting in a glass transition temperature of the matrix of T g =180 c C. Various samples with one layer of wires and with different spacing between the wires were produced: 4, 8 or 16 and 5, 10 or 20 wires per cm of composite, corresponding to a distance of 2, 1 and 0.5 mm between the wires. Samples with two layers of wires separated by two prepreg layers were also produced. A summary of the produced samples is given in Table 1 . A scanning electron microscope photograph of a transverse cut through the composite is presented in Fig. 2 , showing a homogenous distribution of the Kevlar fibres obtained by this process. The vibration response of the composite samples activated by electrical current heating was measured using the set-up developed by Bidaux et al. [2] , It is composed of a sample holder, a shaker, a Laser Doppler detector and a computer to record and treat the measured signal. The composites are mounted on a U-shaped sample holder, (Fig. 2) , which allows the measurement of the force exerted by the composite Pr8-131 on the grips and the vibration frequency of the beam as a function of temperature. The sample holder is fixed on a shaker, which produces vibrations perpendicular to the plane of the composite. The entire sample can additionally be pre-deformed with a screw placed at one end of the sample holder. The SMA wires were heated incrementally by direct electrical current and cooled down by convection at the matrix surface after switching off the current. After each intensity increment, the temperature was allowed to stabilise for at least 30 seconds before each force measurement. For frequency measurements the stabilisation time was about 3 minutes because the current increments were larger. The SMA wires were connected in series to obtain a constant current flow in all the fibres and the temperature of the composite was measured at its surface with a 50 (am diameter thermocouple. A heat conductive paste ensured a good contact between the thermocouple and the composite surface. Fig. 4 . Recovery stress generated by a neat NiTiCu wire from 0.6 % to 6.6 % pre-strain. The as-received Wires showed an initial strain of 2.5% probably due to the fabrication process. In addition, a small two-way shape memory effect (TWSME) resulting in a residual strain of 0.6% was observed [9] . To eliminate the initial strain, the single wires were first heated to 120°C and cooled without constraint, then clamped and pre-strained before testing. Figure 4 shows a typical temperature dependence of the recovery stress developed by the wires. The indicated percentage thus corresponds to the amount of imposed pre-strain, plus the residual pre-strain. The most important variation of the force occurred between approximately 40°C and 75°C. The slope of the stress-temperature curve is about 5.6 MPa/°C. For the wire without any pre-strain (0.6%) a stress of 100 MPa due to the TWSME (0.6%) is measured ( Figure 4) . The small decrease of the stress above the maximum is probably due to thermal expansion. Note that beyond about 3% pre-strain, the stress response reaches saturation, to a value of about 680 MPa.
RESULTS AND DISCUSSION
During composite manufacturing, the wires were not heated before being clamped iin the frame, hence any imposed pre-strain was in addition to the 2.5% initial pre-strain in the as-received wires. The pre-strain values given in Table I take this initial pre-strain into account. Figure 5 compares the recovery stress generated by composite samples 6A, 6B and 6C containing different number of NiTiCu wires and by the host composite alone. The stress increases with temperature and with the number of embedded wires. This stress change is related to the direct M-*A phase transformation of the wires. Also, the composite samples exhibit a small hysteresis, which makes them suitable candidates for industrial applications. The host composite alone also shows an increase of stress with temperature, which is due to the negative coefficient of thermal expansion (CTE) of the Kevlar fibres, leading to an overall negative CTE for the host composite. Recovery stress measured at 90°C as a function of number of pre-preg layers is plotted in Figure 6 . As previously described the recovery stress increases with the number of wires. However, the magnitude of the effect strongly decreases with the number of pre-preg layers. A possible explanation is that when the thickness of the host composite increases, the contribution of the interfacial stress between the wire and the host composite is less effective at the location of the measuring points. The same results are presented in Figure 7 , in terms of wire volume fraction. The recovery stress for the two wire layer composites (5 A to C), for the composite with 3.5% pre-strain (6A to C) and for the host composite alone are plotted alongside. A general trend of increasing recovery stress with volume fraction is clearly observed. In particular, the samples with 3.5% pre-strain exhibit recovery stresses which are in the same range as those with 5.5%. This is in agreement with the single wire behaviour (Fig.4) , where a saturation of the recovery force beyond 3 % pre-strain was noticed. The behaviour of samples manufactured with two layers of wires is also in the same range as the others. This could be explained based on the results shown in Figure 6 : in both cases, two layers of pre-preg between the grips and the wire layers seem to appear as the recovery stress controlling parameter, compared to the effect of the number of wires. Note that the host composite alone exhibits a relatively high recovery stress due to its negative CTE. More experiments are under progress to confirm this result. Figure 8 shows typical resonance peaks of the SMA-composites measured at room temperature before starting the experiment and at 100°C during cooling for sample 6B. A shift of the resonance frequency peak of 85 Hz is observed. Figure 9 illustrates the evolution of frequency as a function of temperature for the same sample. This frequency-temperature dependence curve roughly follows the curve of recovery force generated by the embedded wires, Figure 4 , confirming the relationship previously found for epoxy-SMA composites [2] . Additional experiments are in progress in order to complete and confirm these results.
Figures 10 and 11 illustrate the shift in the resonance frequency for samples 1A to 4C between 24°C and 100°C as a function of the number of prepreg layers on each side of the wires and SMA wire volume fraction, respectively. The results obtained by measuring the frequency shift as a function of prepreg layers or volume fraction of the SMA wires are in general agreement with the corresponding recovery stress curve. For thin composite samples having only one prepreg layer on each side of the SMA wires, measurements of vibration frequency become difficult due to the buckling of the composite sample after activation. This may explain the decrease of the frequency shift for the sample with one layer of pre-preg on each side of sample 1C ( Fig. 10 and 11 ) even though the recovery stress increases nearly linearly with the number of wires.
CONCLUSIONS
Hybrid SMA composites based on Kevlar-epoxy host composite matrix and thin embedded NiTiCu wires were investigated. Composite samples with different amount of wires, different geometrical arrangements and various levels of wires pre-strain were successfully produced. Upon activation, the composites showed a recovery stress and corresponding shift of the resonance frequency to higher values. The wires were found to be suitable for application in adaptive vibration control, as the hysteresis was small and the magnitude of the activation effect reasonably high. It was shown that it is necessary to characterise the as-received wires, in particular to measure their initial strain and possible two-way shape memory behaviour. The as-received NiTiCu wires exhibited an initial pre-strain of 2.5%.
The composite behaviour roughly followed the behaviour of the neat wires, although with a reduced activation magnitude. Activation was found to be an increasing function of the wire volume fraction. However, the geometry of the samples also play an important role. The thinner the layer between the SMA wires and the grips, the higher the magnitude of the observed effect.
